The feasibility of the formation of a liquid plasma catalysis system through micro arc oxidation (MAO) under AC power with titanium-aluminum alloy electrodes was investigated. In the decolorization of organic dyeing wastewater simulated with Rhodamine B, Ti-Al alloy electrodes were superior over Ti electrodes and Al electrodes. The optimal molar percentage of Ti in alloy electrodes was 70% and the optimal decolorization rate was up to 88.9% if the additive suitable for Al was added into the solution to be treated. The decolorization rates were the same in the case of the alloy-alloy electrodes and alloy-Al electrodes. The proportion of the effects of plasma, TiO 2 catalyzer during MAO and H 2 O 2 after MAO in decolorization has been obtained. With the catalysis of TiO 2 formed on the electrodes, the reaction rate was improved by a maximum of 95% and the decolorization rate was improved by a maximum of 71.6%. Based on the spectral analysis, the plasma catalysis mechanism has been studied.
Introduction
Liquid plasma has a destructive effect on organic pollutants in wastewater [1] [2] [3] [4] [5] . The effect of treatment can be improved if the high-energy active particles contained in plasma were combined with a catalyzer [6, 7] .
During the micro arc oxidation (MAO), TiO 2 films formed on the Ti anode can be used as a catalyzer for ·OH free radicals formation. That is to say, a liquid plasma-electrode catalysis system is naturally formed during MAO. This system has been proved to be effective in treating organic pollutants in wastewater [8] [9] [10] .
MAO needs more study to be perfected, as follows: (a) simpler power supplies than pulse power supplies are required; (b) environmentally friendly additives need to be found; and (c) the plasma area needs to be expanded. The key technology is the match between the power supply, electrodes and additives [11, 12] . AC power supply is a good choice because it is easy to obtain, MAO could happen on both electrodes, and the plasma area can be expanded. As the applied voltage is alternating continually between positive and negative, the positive voltage leads to the generation of sparks as well as the growth of oxide film, while the negative voltage can not only reduce or eliminate the capacitance characteristic and reduce large concentrated arcs but also increase the uniformity of MAO [13] [14] [15] . In addition, anodic reaction on the electrodes is intermittent, which has a positive effect on the diffusion and reduction of concentration polarization [16] , and thus on the reduction of power consumption. However, since the rising front edge of the voltage is not steep, compared to the pulse voltage, AC power is not suitable for MAO. It is more difficult to implement MAO on the electrodes. In order to implement MAO under AC power, the Ti-Al alloy has been proposed here to replace the Ti electrodes, to realize MAO on Al, and retain the ability to produce the catalyzer TiO 2 . In this paper, the conditions for the match between AC power and alloy electrodes will be explored, and on this basis the plasma catalysis mechanism in MAO using the alloy electrodes will be discussed.
Experiment
A self-made AC power supply was used in the decolorization of dyeing wastewater simulated with Rhodamine B (RhB). The peak voltage was set at 500 V, and the frequency 50 Hz. Both electrodes were plate shaped, 60 mm×20 mm×5 mm in size, and the electrode distance was 15 mm. The molar percentages of Ti in the alloy were 50%Ti, 70%Ti, and 80% Ti, and pure Ti and pure Al were expressed as 100%Ti and 0%Ti respectively. The additives used here were Na 2 SiO 3 (15 g l −1 ) and H 3 PO 4 (0.3 mol l −1 ), which were appropriate for Al and Ti, respectively. The volume of RhB solution was 300 ml and the initial concentration was 6 mg l −1 . The concentration of RhB was measured with a T6 UV/ visible spectrometer (Persee, Beijing). The concentration of H 2 O 2 formed in the solution was measured by titanium sulfate spectrophotometry. An emission spectrometer (MODEL C7473-36) was used to detect the spectrum during MAO.
Results and discussion
The effect of Ti content when both electrodes are of the same composition was investigated.
The effect of the composition of the electrode materials
If the additive H 3 PO 4 which offered the beneficial conditions to Ti was added into the RhB solution, then MAO was impossible with either alloy electrodes or Ti electrodes. This showed that the AC power supply needed a better match with the electrodes and additives. Adding the additive Na 2 SiO 3 , which was beneficial to Al into the RhB solution, it was discovered that there was no MAO in the case of Ti electrodes, while MAO was strong in the case of alloy electrodes, compared to Al electrodes. MAO became stronger when the proportion of Ti in the alloy was higher.
The decolorization effect of MAO with electrodes of different materials is shown in figure 1 . It can be seen that the alloy electrodes performed better than Al electrodes, and 70% Ti electrodes gave the best performance, which had a decolorization effect of up to 88.9%. TiO 2 formed by Ti in alloy had a catalytic effect during MAO. As the proportion of Ti increased, TiO 2 exerted stronger catalysis, and thus the electrodes containing 70%Ti were superior to those containing 50%Ti. In terms of electrodes containing 80%Ti, the proportion of Al was so low that with the additive beneficial to Al, MAO was weakened and the plasma was reduced. Meanwhile, the catalysis of TiO 2 in the plasma was also weakened, causing the decolorization effect to decrease.
In order to further study the difference of MAO effects among different alloy electrodes, the reaction rate coefficients under different currents were tested and compared (see figure 2 ). It can be seen that MAO with 70%Ti alloy was affected the most by current. All the reaction rates were almost the same when the current was 200 mA. The reaction rate with 70%Ti electrodes was increased by 95% when the current was 500 mA. This happened because of the fact that the catalysis of TiO 2 was activated the best by the plasma, which further proved that the electrodes containing 70%Ti had superiority.
It can be concluded from the above experiments that under an AC power supply, alloy electrodes had superiority over Ti or Al electrodes, and the best composition was 70% Ti. Al in alloy with Na 2 SiO 3 additive could ensure the occurrence of MAO and activate the catalysis of TiO 2 .
Effect of the match of two electrodes
In this part of experiment, one of the electrodes was an alloy while the other one was Al or Ti. The match between the reaction system and the plasma catalysis characteristics was investigated through decolorization of RhB solution.
With alloy-Ti electrodes and H 3 PO 4 additive (0.3 mol l −1 ), there was no evident MAO and decolorization. This shows again that the AC power supply needs a better match with the electrodes and additives, especially for Al. ); electrode area: 60 mm×20 mm; electrode distance: 15 mm).
When alloy-Al electrodes were used in Na 2 SO 3 solution (15 g l −1 ), there were sparks on both electrodes and MAO was stronger on the alloy. The decolorization effect of RhB is shown in figure 3 . This result was the same as that in figure 1 : the 70%Ti alloy-Al combination gave better performance than the other two combinations; MAO on 70%Ti alloy-Al had almost the same decolorization rate with that on 70%Ti-70%Ti alloy electrodes. The reaction rate with 70%Ti-70%Ti electrodes was only 4.6% higher than that with the 70%Ti-0%Ti electrodes, and after 20 min elapsed, the decolorization rate of the former was 13.9% higher than the latter.
The reaction rate with 70%Ti-70%Ti electrodes was 95% higher than that with 0%Ti-0%Ti electrodes, and the decolorization rate of the former was 71.6% and 66.2% higher than the latter, respectively, after 10 and 20 min elapsed. The possible reason for this was that plasma itself had a decolorization effect on RhB and when the catalysis of TiO 2 increased to a certain degree, the treatment effect could no longer increase evidently, even if the electrode surface with catalysis was enlarged. The decolorization effect of plasma itself on RhB could be proved by the excellent treatment result of MAO with Al electrodes (see figure 1) . Considering the cost of electrodes, 'asymmetric electrodes' are better choices.
Mechanism discussion

Spectral analysis
For further investigation of plasma catalysis characteristics of alloy electrodes under AC power supply, the spectrum on the electrodes during MAO was measured, the results are shown in figure 4 . It can be seen that ·OH free radicals and H free radicals were generated during MAO with Al electrodes and alloy electrodes but the peak value was very low. The decolorization result had no obvious corresponding relationship with ·OH value when different electrodes were used. It can be concluded that the superiority of Ti-Al alloy electrodes in decolorization was not only attributed to more ·OH free radicals which were generated from stronger MAO and which could be measured in the spectrum (see formula (1)) but was also more attributed to the enhancement of the catalysis of TiO 2 films in stronger MAO (see formulas (2)- (7)). ·OH here was not measured in the spectrum [17] . Figure 2 . Variation of reaction rate coefficient k with different compositions of electrode materials (both electrodes were of the same composition) (except the current, the other conditions were the same as those in figure 1) . Figure 3 . Kinetics curves of decolorization of RhB by MAO with different compositions of electrode materials (the two electrodes were different and the other conditions were the same as those in figure 1 ).
In order to testify the sustainable decolorization capability of H 2 O 2 formed during MAO shown in formulas (8)- (9), MAO in Na 2 SiO 3 solution was conducted without RhB (the conditions were the same as those used in figure 1) , and then RhB (1.8 mg l −1 ) was added in the solution to show the decolorization effect of H 2 O 2 . Since ·OH had a short life, when RhB was added in the solution after MAO, the long-life H 2 O 2 was the main reason for its decolorization [18] . 
Mechanism analysis
The reaction rose from the Faraday zone of ordinary anodic oxidation into the high-voltage spark zone along with the rise of the applied voltage, and at this moment the insulating anodic oxide films got broken through [11, [19] [20] [21] . The crystal structures of the formed film depend on the MAO condition [22, 23] . In turn, the characteristics of MAO were affected by the film characteristics [24, 25] . For Al, the more that the conditions are unfavorable (for example, the above AC power supply characteristics, the alloy compositions and additives did not match each other well), the more difficult it is for the formed films to be broken through, and the thicker the films become. Once the voltage rises to a sufficient level, leading to the breakthrough of the films, the micro arcs generated are stronger. Therefore, by overcoming certain unfavorable conditions, the improvement of the decolorization effect is facilitated.
In Ti-Al alloy, Al is apt to MAO while Ti can generate catalyzer. Therefore, alloy is the best choice to realize plasma catalysis under AC. When an additive suitable for MAO of Al is added, MAO mainly happens at Al 2 O 3 film and forms plasma, generating a large quantity of high-energy particles, and thus providing a high-temperature and high-energy environment for the catalysis of TiO 2 .
It was discovered in the RhB decolorization experiment that the Al electrodes forming no catalyzer also had a decolorization effect during MAO, which showed that ·OH directly produced by MAO played a role. It can be seen from figure 1 that, in this experiment, ·OH directly played a role of about >50%, while Ti contained in the alloy played an effect of almost 50%. H 2 O 2 generated by ·OH played a role of about 5%. The effects of Ti included catalysis and possible MAO enhancement was caused by the insulating films being difficult to break through because Ti is unable to match the additive. It can be shown from the experiment that MAO enhancement mainly accelerated catalysis and thus generated ·OH rather than enhancement directly generating ·OH.
Conclusions
Under AC voltage, liquid plasma-electrode catalysis can be realized with Ti-Al alloy, and Ti in the alloy forms TiO 2 via MAO of Al. In the optimal experimental conditions, the decolorization effect of the simulated wastewater can be up to 88.9%. When Al is under appropriately rigorous MAO conditions, once the difficulty is overcome, leading to the occurrence of MAO, the catalyzer formed by Ti will have a stronger effect. Alloy-Al electrodes have a similar decolorization rate as alloy-alloy electrodes.
Under AC, the major characteristic of MAO is that it is greatly affected by the films because a better match between the electrode compositions and additive is required. On the basis of the effect of ·OH formed by MAO, the reaction rate of decolorization of RhB by ·OH formed through TiO 2 catalysis can rise by 95% to the maximum, and the decolorization rate can rise by 71.6%.
